Background: Stroke risk is increased during pregnancy, but estimates of pregnancy-related stroke incidence vary widely.
Introduction
Stroke, the sudden loss of neurological function caused by neuronal injury from a vascular incident, is a leading cause of adult neurological disability, death, 1 and maternal morbidity and mortality in developed nations. 2, 3 In young adults, with age definitions roughly corresponding to child-bearing years, the incidence of stroke is 10/100,000, with more variability in causes than seen in older populations. 4, 5 Stroke types are also more varied, with relatively more venous sinus thrombosis and intracranial hemorrhage, and relatively less ischemic stroke and transient ischemic attack (TIA). In the setting of pregnancy there is even greater variability-in addition to causes more commonly found in young adults (e.g. dissection, congenital cardiac complications), pregnancy presents several unique aspects that increase risk. 6 For example, hypertensive disorders of pregnancy such as preeclampsia/eclampsia increase the risk of both hemorrhagic and ischemic stroke, late-term and postpartum complications of pregnancy such as reversible cerebral vasoconstriction syndrome can cause both ischemic and hemorrhagic stroke, and the risk of cerebral venous sinus thrombosis (CVST) can be increased by dehydration, hemoconcentration, and the upregulation of clotting factors in pregnancy. While an association between stroke and pregnancy has been long identified, 7, 8 estimates of incidence vary widely, from 1.5 per 100,000 deliveries 9 to 98 per 100,000 deliveries. 10 There are many sources of this variability, including differences in populations (pregnant women found in stroke registries 11 versus strokes found in pregnancy registries 12 ), setting (case series, 13, 14 single institution experiences, 15, 16 population-level data abstraction 12 ), and geography, 10, [15] [16] [17] [18] [19] which include variations in genetics, diet, risk factor prevalence, and health care systems. Estimates may also be affected by changes over time (e.g. availability of diagnostic imaging over time or changing case definitions of stroke versus TIA). Finally, several studies may exclude or miss women in early antepartum period or postpartum periods, or include only certain stroke subtypes.
Given the profound impact of stroke on women of childbearing age, their families, and health systems, and given increasing organization of both stroke and obstetrical care internationally, it is vital to have accurate estimates of stroke incidence in and around pregnancy to facilitate both clinical decision-making and health system planning. The aim of this study was to undertake a systematic review to identify studies of stroke incidence in pregnancy; to explore the impact of geography, time, and methodology; and to perform a meta-analysis of the evidence to generate estimates of overall stroke rates, rates in the antepartum/peripartum versus postpartum period, and rates by stroke subtype.
Methods

Search strategy and study selection criteria
This study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 20 Relevant studies were identified through a literature search, conducted by an academic librarian, encompassing the period from 1990 to January 2017. The following databases were searched: Ovid MEDLINE, EMBASE, and ISI Web of Science. Search terms varied, depending on the database, but included the terms ''pregnancy complication,'' ''pregnancy,'' ''stroke,'' ''cerebrovascular accident,'' and ''cerebrovascular disorder.'' See online appendix for the detailed search strategies. Hand searching of reference lists from relevant studies was conducted to identify additional potential articles.
Inclusion criteria
Articles were selected if they were published in English and reported stroke incidence (of any type) during pregnancy to at least six weeks postpartum. Studies were included if the number of pregnancy-related strokes was reported from a defined sample of known pregnancies, and the crude incidence of stroke was reported or sufficient data were available to enable its calculation. There were no restrictions on age, stroke type, sampling method, or study design. The definitions of stroke from included papers were accepted, as we did not have patient-level data.
Exclusion criteria
Abstracts, conference proceedings, and letters to the editor were excluded if there was a lack of reporting detail. Studies selectively reporting on a single stroke type exclusively were excluded. Studies published prior to 1990 were excluded due to limited use of imaging for stroke diagnosis. Studies reporting strokes in pregnancy as a proportion of strokes in young women were excluded.
Systematic review and meta-analysis
Titles and abstracts identified by the literature search were first screened for eligibility by two authors (MC and NF). If the eligibility remained in question, the full article was retrieved and reviewed. Disagreements were resolved through consensus. Data pertaining to participant characteristics, criteria used to identify/diagnose stroke, parity, stroke risk factors, stroke etiology, the incidence of stroke and stroke-associated mortality were extracted from each eligible study by one reviewer (MC) and verified for accuracy by a second author (NF). The crude stroke event rate from each study was calculated and pooled using a random effects approach, expressed as incidence per 100,000 pregnancies with a 95% confidence interval (CI), using the software Comprehensive Meta-analysis (version 2, Biostat Inc., 2007). Meta-analyses using random effects models of rare events can produce biased estimates, so the stability of our main analyses was evaluated by repeating the pooling procedure using a random effects binomial normal model for meta-analysis of proportions using previously published methods that account for rare events, 21 using proc NLMIXED in SAS EG version 7.1. Preplanned subgroup analyses included type of stroke and timing of stroke during the course of pregnancy and puerperium.
Results
The literature search results are presented in Figure 1 . The initial search returned 583 distinct results. Following the review of titles and abstracts 472 studies were eliminated, leaving 111 potentially relevant studies for detailed examination, 11 of which met all inclusion criteria and were retained for final inclusion in the meta-analysis. 10, [15] [16] [17] [18] [19] [22] [23] [24] [25] [26] No additional studies were retrieved as a result of hand searching. To avoid duplication of cases, one study from the United States Nationwide Inpatient Sample was included, 17 while five prior studies including individuals from the same data source, during overlapping time frames, were excluded. [27] [28] [29] [30] [31] In one included study, although the authors reported the number of stroke cases during pregnancy and up to 12 weeks postpartum, 24 two cases of stroke that occurred after six weeks were censored so that the rates could be compared to the other studies reporting only out to six weeks. The total number of strokes in one study 22 was estimated based on a survey response rate of 70.5%. 
Timing and population samples
Included studies were published between 1991 and 2017. The data source of cases, the time frame of observation, stroke type, and gravidity/parity status of participants are presented in Table 1 . The mean age of women ranged from 22 to 32.7 years. Most of the studies were from single institutions, 10, 15, 16, 18, 23, 25, 26 although results from regional 24 and national surveys, 19, 22 and population-level data 17 were also used. Consequently, the sample sizes ranged broadly from 39,211 15 to 81,983,216. 17 The identification of stroke was determined using The World Health Organization definition, 15, 19 the International Disease Classification System (ICD-9), 10, [16] [17] [18] 23, 24 or was based on clinical evaluation AE neuroimaging. 22, 25, 26 There were six cases, from two studies, 15, 26 in which the diagnosis of stroke was based exclusively on clinical presentation (i.e. CT scan was normal). Skidmore et al. 24 reported that 29% of women with ischemic stroke during pregnancy had suffered a stroke prior to pregnancy. No other study provided data on prior stroke history.
Risk factors and etiologies
The most common etiologies associated with hemorrhagic strokes were aneurysm, arteriovenous malformation, pregnancy-induced hypertension, HELLP syndrome, preeclampsia/eclampsia, and coagulopathy, while the most common etiologies associated with nonhemorrhagic stroke were cardioembolism, coagulopathy, and preeclampsia/eclampsia. The most commonly reported risk factors for all types of stroke included congenital heart disease or other cardiac conditions, hypertension, diabetes, thrombocytopenia, sickle cell anemia, migraine, systemic lupus erythematosus. Table 2 shows the event rates by study, from most recent to oldest, along with proportions by stroke type, stroke timing, and maternal mortality. There is not a consistent trend across time. Overall, there were 32,145 strokes among 85,055,405 pregnancies. The crude rate of pregnancy-associated stroke was 30.0 per 100,000 pregnancies (95% CI 18.8-47.9). A forest plot of the overall analysis can be found in Figure 2 . The pooled estimate of the overall crude rate was confirmed in a second analysis using the Stijnen et al. 21 method correcting for rare events (29.5, 95% CI 16.7-52.1). Mortality was reported in 10 studies and ranged from 2.7 24 to 20.4% 25 of cases.
Event rates
Sensitivity analyses
Three studies included participants from large academic centres, 10, 16, 23 in which patients referred from outside the catchment area were reported. In these studies, to try to avoid an overestimation of stroke incidence, a corrected stroke rate was also reported by the authors; however, these studies did not also adjust the denominator (number of nonstroke pregnancies at the institution) to exclude pregnancies referred from outside of catchment area. Thus, main analyses herein include the uncorrected stroke rates. A sensitivity analysis was performed using the adjusted stroke rate from these three studies: the overall crude stroke rate decreased from 30.0 (95% CI 18.8-47.9) to 25.1 (95% CI 15.7-40.3) per 100,000 pregnancies when excluding these referral cases. Another sensitivity analysis was performed, excluding the results from the largest population-based study, 17 which contributed 95% of patient data. In this case, the pooled crude stroke rate was similar (pooled estimate 29.2, 95% CI 15.0-56.5).
Stroke subtypes and stroke timing
The reporting of stroke type varied widely across studies. We performed one pooled analysis using the most common overall categorizations of nonhemorrhagic (arterial and CVST) and hemorrhagic stroke, which accounted for 34-85% and 15-66% of total strokes, respectively ( Table 2 ). The crude rates were 19.9 (95% CI 10.7-36.9) for nonhemorrhagic stroke and 12.2 (95% CI 6.4-23.2) for hemorrhagic stroke. The incidence of CVST was reported separately in eight studies ( Table 2) . When analyzed as individual subgroups (Table 2, Figure 3 ), the crude rates of ischemic stroke, hemorrhagic stroke, and CVST were similar: ischemic stroke 12.2 (95% CI 6.7-22.2), hemorrhagic stroke 12.2 (95% CI 6.4-23.2), CVST 9.1 (95% CI 4.3-18.9).
Timing of stroke was reported in 10 studies (Table 2, Figure 4 ). Stroke during delivery was reported in three studies 17, 18, 22 where, given the short duration of the peripartum period, the daily event rates were considerably higher peripartum than antepartum. Since peripartum stroke was reported separately in only these three studies, and the rest included peripartum strokes in the antepartum category, we collapsed the categories of antepartum and peripartum stroke in pooled analysis. The combined crude stroke rate for this antepartum/peripartum stroke was 18.3 (95% CI 11.9-28.2) and the postpartum rate was 14.7 (95% CI 8.3-26.1). International Journal of Stroke, 12 (7) Discussion Based on the pooled data, 10, [15] [16] [17] [18] [19] [22] [23] [24] [25] [26] stroke affects 30.0 out of every 100,000 pregnancies. This is three times higher than rates for young adults overall. 4 While variation among included studies was noted with respect to study design, we attempted to reduce heterogeneity by including studies that reported, at minimum, events during both antepartum, peripartum, and at least six weeks postpartum. Greater variation in estimates may have been caused by differences in methodology. The two survey-based studies 19, 22 had low rates (8.9 19 and 10.2 22 /100,000), raising the concern that the survey approach may be more prone to missing cases and underestimation of incidence. Both survey and single institution studies may be impacted in their estimates by whether the sites are regional referring centers for stroke or pregnancy, as in some regions these conditions are managed in separate facilities. Single institution studies have the advantage of access to detailed patient-level data, but suffer from relatively infrequent event rates, leading to the potential for large variations in event rates from sampling issues. The exclusion of small numbers of referred cases from the three studies reporting adjusted and unadjusted rates caused large differences (e.g. Jeng estimates moved from 98/100,000 to 46/100,00 after adjustment), illustrating the sensitivity of small samples. Our sensitivity analyses showed minimal differences in crude stroke rates, suggesting that while these corrections exerted large impacts on the individual studies, the pooled analysis was more robust to these changes. Population-level studies benefit from larger sample size but may have less reliable data on subtypes (e.g. could not estimate CVST 17 ). After completing our systematic review and meta-analysis, on 27 April 2017, an additional population-level analysis was published online. 12 This study, from the United Kingdom, reported a stroke event rate of 24.7/100,000 pregnancies. It should be noted that the population study of Leffert et al. 17 from the United States included here showed a rate of 38.6. While both close to our pooled estimate, and within the 95% CI of our estimate, differences between these two studies may reflect both underlying population event rates as well as differences in access to routine prenatal care (universal in the UK, variable in the US).
Variability among the studies using institutionallevel methodologies may have also reflected these geographic disparities. Studies from North America ranged from 16.7 to 67.1/100,000 16, 17, [24] [25] [26] ; those from Taiwan were from 47.9 to 98.4, 10,23 from India was 66.3, 15 and from Israel only 9.2. 18 While again sensitive to International Journal of Stroke, 12 (7) variability from smaller samples, these estimates may also reflect differences in baseline prevalence of stroke risk factors, population stroke frequency, and availability or quality of antenatal care.
Despite greater access to imaging globally since 1990, there did not appear to be a significant temporal trend from 1990 to 2017. One large study using a single population-level dataset, the Nationwide Inpatient Sample, reported an increase in the antenatal and postnatal stroke rate (but not peripartum) between 1994/1995 and 2006/2007. 30 The variability in study geographies and methodologies discussed above could obscure an underlying temporal trend. Replication of the findings of Kuklina et al. in other populations will be helpful. Despite improvements in stroke treatments and mortality globally since 1990, there was also no discernable change in maternal stroke mortality over time. In the near future, advances in data analytics may facilitate large-scale population-based studies of incidence that combine the benefits of administrativelevel data (large patient samples, more accurate event capture, and longer term follow-up for mortality and morbidity) with the benefits of single institution studies (e.g. using Electronic medical record systems or natural language processing to extract information about stroke type, stroke timing within pregnancy, frequency of vascular risk factors, and access to antepartum monitoring and care).
Timing of stroke was also variable. Peripartum stroke was only reported separately from antepartum stroke in three studies, and as a result there were insufficient data to calculate the crude incidence of peripartum stroke alone. An association of stroke with peripartum time period may be biased by indication-if a woman develops ischemia, CVST, or hemorrhage in the third trimester, usually associated with hypertension, delivery is frequently initiated as part of treatment for eclampsia/preeclampsia. Future studies should report on this outcome separately, among those with hypertensive disorders of pregnancy and those without.
While a stroke rate of 30.0 per 100,000 pregnancies is three times more common than in the nonpregnant young adult population, the rate of stroke during pregnancy and the puerperium may still be underestimated. Most studies limited the postpartum period to !6 weeks after delivery. One study assessed for eligibility included cases up to a year after delivery. 32 Survey approaches also likely underestimated event rates. Finally, CVST represented 9-48% of total stroke cases, but were not separately reported in population-level analyses, 12, 17 and were excluded from the largest population study. 17 Administrative coding may default to the consequences of the CVST (infarction or hemorrhage) and CVST is not as reliably captured through administrative records. Where patient-level data were available, in institutional studies, CVST was most often included in the overall stroke rate and listed with ischemic stroke. One study in particular had a very high number of cases of CVST. 15 Therefore, inclusion of CVST may have elevated the overall crude stroke rate in that study or been underestimated in other studies.
This study was rigorously designed and reported in accordance with PRISMA guidelines, 20 and comprehensive and exhaustive search criteria were used. However, there are important limitations to mention. Full-text articles were unable to be retrieved in two instances, which may have been included if review was possible. The limitations surrounding the use of ICD-9 codes to identify stroke are described in detail elsewhere. 33 Meta-analyses using random effects models of rare events are prone to bias. To counteract this, and to test the robustness of our main outcome, we repeated the pooling procedure using a random effects binomial normal model for meta-analysis of proportions. Using this analysis the overall rates and 95% CIs showed minimal change (from 30.0 to 29.5). We further tested the sensitivity of our models to key potential biases, and none of these analyses produced large variations in the estimated event rate. Finally, all included studies focused on stroke risk during pregnancy or the puerperium. Very few studies report on history of prior stroke in women who are pregnant, and none examined stroke recurrence rates in subsequent pregnancies. Thus, there is minimal evidence surrounding recurrence rates in subsequent poststroke pregnancies, with only four studies 14, [34] [35] [36] totaling only few hundred poststroke pregnancies, available to guide young women with a history of stroke-pregnancy related or not-who wish to become pregnant. Future research is needed to address this gap.
Conclusion
Stroke affects 30.0 per 100,000 pregnancies, roughly three times higher than the general risk for young adults. Despite advances in stroke treatment, prevention, and care, stroke remains a major cause of maternal mortality and a devastating cause of maternal morbidity. Further research on strokes in pregnancy, the impact of geographic variations in risk factors and in antenatal care on stroke and mortality outcomes, improvements in data capture and data quality for stroke in pregnancy, and rational approaches to treatment in the absence of randomized trial data are urgently needed.
